Taxanes are one of the most potent and broadest spectrum chemotherapeutics used clinically, but also induce significant side effects. Different strategies have been developed to produce a safer taxane formulation. Development of polysaccharide drug conjugates has increased in the recent years due to the demonstrated biocompatibility, biodegradability, safety and low cost of the biopolymers. This review focuses on polysaccharide taxane conjugates and provides an overview on various conjugation strategies and their effect on the efficacy. Detailed analyses on the designing factors of an effective polysaccharide drug conjugate are provided with a discussion on the future direction of this field.
Introduction
Cancer is a leading cause of death worldwide. It was estimated that in the United States, more than 1.6 million new cancer cases will be reported in 2013 and it will account for 0.6 million deaths in the same year. Due to this high prevalence and mortality rate, widespread research has been undertaken ranging from understanding the pathophysiology of the disease to developing innovative drugs and technologies for improved therapy. The established treatment strategies for cancer can be divided into four categories: surgery, radio-therapy, chemotherapy and immunotherapy. Amongst these, chemotherapy is regarded as the first line approach of treatment for advanced disease. Among those anticancer chemotherapeutic drugs that have emerged in the past decades, taxane diterpenoid anticancer agents such as docetaxel (Taxotere®, Sanofi-Aventis, Fig 1A) 1 and paclitaxel (Taxol®, Bristol-Myers Squibb, Fig 1B) 2 have shown significant potency against various cancers. Taxanes therapeutic effect is attributed to binding with microtubules, which are cytoskeletal elements with functions extending from cellular transport to cell motility and mitosis 3 . Docetaxel and paclitaxel assist polymerization of microtubules to a hyper-stable and dysfunctional state, thus arresting the cell cycle at the G2/M phase, leading to cell death 4, 5 . Taxanes are effective against a wide array of cancers including breast, ovarian, non-small cell lung and prostate cancers 6 . Although the antitumor spectrum of taxanes appears to be the broadest of any class of anticancer agents 6 , their use can be limited due to the toxicity associated with the drugs and the formulation excipients. Paclitaxel and docetaxel are insoluble in water and are currently formulated with Cremophor EL/ethanol/ saline and Tween80/ethanol/saline, respectively. Both Cremophor EL and Tween 80 (especially Cremophor EL) cause severe hypersensitivity reactions, requiring premedication regimes 7, 8 . The free drugs also cause severe dose limiting toxicity such as neutropenia and neuropathy due to the non-specific delivery 9, 10 . Concerted attempts have been made to develop new delivery systems for taxanes with lower toxicity, and recent advances in nanomedicine have created an opportunity for not only development of a detergent free delivery system for taxanes, but also for a more potent and tumor-targeted dosage form.
Long before the term nanomedicine was first mentioned by Drexler, Peterson, and Pergamit in their popular book Unbounding the Future in 1991 11 , interdisciplinary research was underway to utilize the advantages associated with drug-polymer conjugates in the treatment of cancer. The first practical exemplification of polymer conjugates as anticancer therapeutics was a polymer-protein conjugate: Maeda et al. 12 first demonstrated that the anticancer activity of a protein could be improved by conjugating with a polymer (SMANCS) 12 . They demonstrated that the conjugated protein preferentially accumulated in the tumor tissue due to the increased molecular size, a characteristic which prolonged blood circulation and enhanced accumulation in the tumor through the leaky tumor vasculature. These conjugates also displayed reduced elimination from the tumor due to the impaired lymphatic drainage 13 . This phenomenon, which is commonly known as the enhanced permeability and retention (EPR) effect, resulted in improved efficacy and reduced toxicity of the drug. This discovery opened up significant potential for passive targeting of anticancer drugs to tumors, and has led to the development of numerous nanotherapeutic drug delivery systems, including biologically active polymeric drugs 14 , polymer-drug and polymer-protein conjugates 15 , nanoparticles and liposomes 16 , and non-viral vectors for gene/small interfering ribonucleic acid (siRNA) delivery 17, 18 .
Polymer-drug conjugates have advantages over conventional polymeric nanoparticles that passively encapsulate drugs in terms of increased drug loading capacity, enhanced stability and prolonged plasma half-life in vivo 19 . Polymeric nanoparticles, where the active drug is physically encapsulated in the polymeric scaffold, often exhibit drug loading instability due to partitioning of the hydrophobic drug during systemic circulation, depleting the nanoparticles of drug content 20 . Chemical conjugation of the active drug to the polymeric carrier provides increased control of the drug release rate if a site-selective, cleavable linker between the drug and the polymer is introduced, thereby reducing loss of the drug during circulation and improving tumor bioavailability. This controlled release of the drug can manifest enhanced pharmacokinetic and pharmacodynamic properties 21 .
A broad panel of polymers, both natural and synthetic, has been explored for their performance as anticancer drug-conjugates. Among these screened polymers, polysaccharides have demonstrated advantages, including their low cost, high availability, stable physicochemical and biological characteristics, established safety profiles, permitted use as an excipient in pharmaceutical products and the presence of chemical functional groups suitable for bioconjugate modifications.
Polysaccharides are complex carbohydrate polymers consisting of two or more monosaccharides linked together covalently by α-or β-glycosidic linkages (Fig 1C) . Depending on the composition, polysaccharides can be divided into two main types: homopolysaccharides and hetero-polysaccharides. A homo-polysaccharide is defined to have only one type of monosaccharide repeating in the chain such as dextran and cellulose; whereas, a hetero-polysaccharide is composed of two or more types of monosaccharides such as heparin and hyaluronan. In both types of polysaccharide, the monosaccharide can link in a linear fashion or they can branch out into complex formations. As polysaccharides have a wide range of molecular weights and a large number of functional groups for chemical modification, they are an attractive choice as a polymeric backbone in polymer conjugates. The pharmacokinetics of polysaccharide conjugates are greatly influenced by their charge, MW, extent of chemical modifications, polydispersity and structure. Although polysaccharides have been extensively used for passive encapsulation of cytotoxic drugs 22 , in this review we primarily focus on polysaccharide conjugates of taxanes that have been studied for anticancer therapy.
Hyaluronic acid
Hyaluronic acid (HA) is a biodegradable, biocompatible, and viscoelastic linear glycosaminoglycan composed of alternating disaccharide units of D-glucuronic acid and Nacetyl-D-glucosamine linked together through alternating β-1,4 and β-1,3 glycosidic bonds (Fig 2A) . HA is one of the main components of the extracellular matrix and is widely distributed throughout the connective, epithelial and neural tissues 23 . Due to its various biological functions, desirable physicochemical properties, biocompatibility, biodegradability and non-immunogenicity, HA and modified HA have been investigated and applied in different pharmaceutical and medical applications including arthritis treatment 24 , ophthalmic surgery 25 , drug development 26 and tissue engineering 27, 28 . More recently, there has been growing research utilizing HA for tumor targeted drug delivery due to its potential for active tumor targeting (negating the need for additional targeting ligands). It has been reported that HA receptors such as cluster determinant 44 (CD44) and receptor for hyaluronate-mediated motility (RHAMM) are over expressed in certain types of cancers 29, 30 . Therefore, through conjugation with HA, cytotoxic drugs can be targeted to the cancer cells by receptor mediated endocytosis 31 .
Different strategies have been developed for conjugating taxanes with HA. While hydroxyl and carboxylic acid sites are available, it is mainly the carboxylic group that is used as sites for drug conjugation (Fig 2) . Linker molecules including succinic acid and amino acids for tuning the conjugation site chemistry have been investigated (Fig 2) . Different solubilization techniques have been developed to dissolve polar HA and non-polar taxanes in a common solvent for the conjugation reaction. As an example, tetrabutylammonium interacts with the carboxylates of HA via charge-charge interaction to increase the solubility in dimethyl formamide (DMF) for efficient chemical reaction with PTX. 32, 33 Adipic acid dihydrazide (ADH) is commonly used as a linker for conjugating taxanes to an HA backbone. Luo and Prestwich 34 first used the ADH modified HA for conjugation with PTX ( Fig 2B) . They reported three different levels of ADH modification (9%, 18%, 45%) in the HA backbone with varying PTX loading (from 1-15%). The degree of ADH substitution in the HA backbone influenced the CD44 targeting ability and cytotoxicity of these conjugates, with higher ADH substitution reducing the potency. Drug release was found to be relatively rapid: within 24h, 40%, 35% and 90% of PTX was released when the conjugate was incubated in human plasma, hyaluronidase and esterase respectively 35 . Auzenne et al. 36 slightly modified the conjugation method and reported a HA-PTX conjugate with 10% ADH modification and 15-20% PTX loading. In general, potency of these conjugates was higher than free PTX against CD44 expressing cell lines (SKOV-3, NMP-1, HBL-100, and HCT-116), while no cytotoxicity was observed against CD44 negative cells (NIH 3-T-3) at concentrations up to 10 μg/mL PTX equivalent. In contrast, Galer et al. 37 reported in vitro potency of this conjugate to be ~2.5 times less than free PTX against human squamous cell carcinomas cell lines OSC-19 and HN5, both of which are CD44 positive. The CD44 targeting ability of the HA conjugate was demonstrated by selective uptake of FITC linked HA-PTX by CD44 expressing cells, which was blocked by anti-CD44 antibody and preincubation with free HA 36 . The in vivo antitumor efficacy was improved compared to native PTX at the maximum tolerated doses (MTDs) in tumor xenograft (ovarian carcinoma SKOV-3ip, NMP-1) 36 and orthotopic models (squamous cell carcinoma OSC-19, HN-5) 37 .
Rosato et al. 38 reported preparation of another HA-PTX conjugate using butyric acid as a linker by slightly modifying the method reported by Leonelli et al. 32 ( Fig 2C) . PTX loading in this conjugate was about 20% wt/wt. The efficacy of the conjugate was found to be dependent on the tumor type in both the in vitro and in vivo assays. While in vitro potency of the conjugate against human bladder cancer cell lines (RT-4 and RT-112/84) was significantly higher than free PTX with a reduction of IC50 by 120-to 800-fold 38 , the conjugate exhibited much less potency against ovarian cancer cell lines (IGROV-1, OVCAR-3 and SKOV-3) with 5 -50 times higher IC50 values compared to native PTX 39, 40 .
The in vivo antitumor efficacy of this conjugate was also dependent on the tumor type: while the conjugate exhibited slightly lower antitumor efficacy than native PTX against bladder carcinoma, it showed better efficacy against ovarian cancer. Tumor growth was significantly higher in the conjugate treated animals compared to native PTX against bladder carcinoma cell line RT-112/84. After treating the tumor bearing mice with the conjugate (100 mg/kg PTX equivalent i.p.) and free PTX (20 mg/kg i.v.) every 7 days for a total of 3 treatments, mean tumor volume of the conjugate and PTX treated animals were 711 and 574 mm 3 respectively compared to 1335 mm 3 of control mice 38 . In contrast to this lower efficacy seen against bladder carcinoma, against ovarian cancer it exhibited a highly significant increase in the survival compared to native PTX treatment. The tumor was inoculated by i.p. injection of 5×10 6 IGROV-1 and OVCAR-3 cells and treated with PTX (20 mg/kg i.v.) or conjugate (100 mg/kg PTX equivalent i.p.) at days 7, 14, and 21. Median survival of the conjugate treated animals increased by 2.5-fold and 2-fold compared to free PTX against IGROV-1and OVCAR-3 respectively 40 . Improved in vivo efficacy of this conjugate against ovarian cancer was also reported by Stefano et al. 39 . Tumor (OVCAR-3) was inoculated by i.p. injection of the cells. The conjugate was injected i.p. at 40 mg PTX equivalent/kg dose and free PTX was injected as i.v. or i.p. at 20 mg/kg dose. Conjugate treatment resulted in a 2.5 fold increase in median survival compared to the control. Treatment with free PTX (20 mg/kg/injection, i.p.) also produced a significant therapeutic benefit with a 2-fold increase in survival over control. On the other hand, the conventional i.v. PTX (20 mg/kg/injection) did not significantly increase survival. Similar results were obtained with the SKOV-3 model.
A phase I clinical trial was conducted with the conjugate first reported by Rosato et al. 38 for intravesical therapy of bacillus Calmette-Guérin (BCG) refractory carcinoma (n = 16) 41 . The treatment was given by weekly intravesical instillation starting at the dose of 30 mg PTX equivalent per patient which was stepwise elevated to 150 mg PTX equivalent in different group of patients. No dose limiting toxicity was noted in any of the dose level studied. A total of 11 adverse events were reported by 7 patients (40%) and 9 (60%) showed complete treatment response.
Lee et al. 42 showed that their PTX-HA conjugate (Fig 2D) self-assembled into micellar nanoparticulate structure in an aqueous solution. HA was first mixed with PEG and it was then dissolved in DMSO to make a HA/PEG nanocomplex with a hydrodynamic diameter of 120 nm. PTX was conjugated with these nanocomplexes by direct esterification. PTX loading was found to be 10% w/w. In an aqueous solution, the conjugate self-assembled into micelles with average diameter of 196 ± 9.6 nm. This nanoconjugated PTX micelle exhibited increased cytotoxicity against CD44 expressing cell lines (HCT-116, MCF-7) compared to CD44 negative cell line (NIH-3T3). Recently, Mittapalli et al. 43 used the same method to conjugate an ultra-low molecular weight HA (~4-5 kDa) with PTX to enhance brain delivery, and achieved PTX loading of 8 wt %. Two distinct size populations were observed a 2 to 3 nm and the other at approximately 80 nm. The authors argued that the smaller conjugates can self-assemble into larger particles similar in structure to a lipid membrane. The conjugate showed increased efficacy in a preclinical model of brain metastases of breast cancer cells. Luc-2 transfected MDA-MB-231Br cells were injected through the intracardiac route. Animals were treated with PTX or HA-PTX (6 mg/kg (PTX equivalent), once a week, i.v. for five doses). Brain lesions were significantly decreased in the HA-PTX group compared with the control and PTX groups. The median survival, however, was not significantly improved with the HA-PTX treatment compared to native PTX.
Another self-assembled nano formulation of HA-PTX conjugate was reported by Xin et al. 33 (Fig 2E) where different amino acids (valine, leucine and phenyl alanine) were used as the linker. Drug loading varied between 10 and 14 % w/w. All the conjugates form coreshell nanoparticles of about 280 nm in diameter with a nominal neutral surface charge. Slight variation in release rate of PTX was found with different amino acid linker used. While valine was most stable with a half life of 63 h in PBS (pH 7.4), phenyl alanine exhibited the highest release rate (half life 47 h). Potency of all the conjugates was higher than free PTX against MCF-7 with a 2-to 3-fold reduced IC50.
Thierry et al. 44 prepared a polyelectrolyte multilayer (PEM) dosage form of chitosan and PTX-HA conjugate (Fig 2F) . The HA (500 kDa) was first modified with ethylenediamine with which PTX-succinate was conjugated. To preserve water solubility of the conjugate, PTX loading was kept at 3 mol %. The PEM was formed by successive deposition of negatively charged PTX-HA and positively charged chitosan. A quick burst release of PTX was measured from the multilayer of the HA-PTX -Chitosan complex when incubated in PBS with a half life of ~ 3 h. Although the cytotoxic activity of the conjugate was not tested against any cancer cell line, murine macrophages J774 was found to be sensitive to the conjugate with almost 90% death in 4 days of incubation at 1 and 10 μg PTX /mL.
Although HA is one of the most widely used polysaccharides for taxane delivery with one product being tested in phase I clinical trials, these studies resulted in contradictory reports on effects in different cell lines. While most studies showed targeted cytotoxicity against CD44 overexpressing cell lines and minimal toxicity against CD44 (-) cells 33, 34, 42 , some studies reported significant toxicity against CD44 non-overexpressing cells 44 . The in vitro cytotoxicity also varied significantly with some reports showing dramatic increase in potency compared to the native drug 38 while, with the same conjugate, others reported significantly reduced potency 39, 40 . Variation in effect may be due to the heterogeneity in the cell line tested: although all the cell line tested are CD44 positive, there may be variation in the level of CD44 expression among them, which could influence potency of the conjugate. A systemic study comparing the CD44 expression level in the cells and respective potency of HA-PTX conjugate could help resolve this discrepancy.
The biodistribution of HA conjugates should also be studied in greater depth. Apart from CD44, HA also interacts with the hyaluronic acid receptor for endocytosis (HARE) which presents on the liver and spleen sinusoidal endothelial cells 45 . Significantly high liver uptake was reported with a cisplatin-HA conjugate which plateaued at a relatively high level for at least 3 days producing dose limiting toxicity and reducing the MTD of cisplatin by 2-fold 46 . Liver toxicity of HA conjugates should be carefully studied.
Carboxymethyl cellulose
Carboxymethyl cellulose (CMC) or cellulose gum is a cellulose derivative with carboxymethylene groups (−CH 2 -COOH) modification to some of the hydroxyl groups of the glucopyranose monomers that make up the cellulose backbone ( Fig 3A) . It is often used as its sodium salt, as a pharmaceutical excipient (FDA Inactive Ingredients Database). CMC has been approved by FDA for parenteral use in products such as Vivitrol, Sandolog, and Sandostatin and is reported to undergo hydrolysis in vivo to its precursors for excretion 47 . The presence of a high number of carboxylate groups makes this polymer an attractive candidate for conjugation with different drugs with relatively high drug loading. However, due to its high polarity and very low solubility in non-aqueous organic solvents, conjugation strategies are limited. To overcome this problem, Ernsting et al. 48 modified CMC by esterification of the hydroxyl groups with acetic anhydride. Quantitative acetylation of all the hydroxyl groups was reported. This modification allowed this acetylated CMC to be dissolved in polar aprotic solvents like acetonitrile, increasing the coupling efficiency of hydrophobic drugs to this polymer. Acetylated CMC (CMC-Ac) was used for conjugation with DTX and poly-ethylene glycol (PEG) to prepare a polymeric conjugate of DTX (Cellax), composed of a PEGylated and acetylated CMC backbone with DTX attached via ester linkages (Fig 3B) . A high drug loading of 37 wt% was achieved in this conjugate. As the polymeric conjugate contains both hydrophobic (DTX) and hydrophilic (PEG) components, the polymers condense into monodispersed ~120 nm particles in saline when the hydrophobic/hydrophilic ratio was balanced (20 -37 wt% of DTX; 5 wt% of PEG). DTX release from this conjugate follows a near zero order kinetics (3.6% per day). Cellax exhibited significant cytotoxicity against a wide panel of cancer cell lines of both human and murine origin with 2-to 40-fold increased potency compared to native DTX. The increase in efficacy may be due to efficient cellular internalization of Cellax and the sustained release of DTX from Cellax: it was found that the fractionated dosing of native DTX mimicking the slow release exhibited enhanced cytotoxicity compared to a single bolus dose of DTX. In the in vivo biodistribution study, Cellax displayed significantly extended blood circulation time compared to the clinical formulation of DTX (Taxotere) with 5.2 times longer t 1/2 and 38.6 fold increased area under the curve (AUC) 49 . Tumor accumulation of the drug was 5.5 fold higher with Cellax treatment compared to Taxotere. The maximum tolerated dose of DTX was significantly increased with Cellax compared to Taxotere: while Taxotere at 40 mg DTX/kg dose induced significant apoptosis in the kidney and lung of the treated mice, Cellax at 170 mg DTX/kg dose caused only minor weight loss (~5%). In vivo antitumor efficacy of Cellax was tested against both orthotopic and subcutaneous tumor model representing a wide array of tumors, including both human and murine origin. Compared to Taxotare, Cellax exhibited significantly higher antitumor efficacy against several cancer models in mice including breast cancer (EMT-6, MDA-MB-231), lung cancer (LL/2), prostate cancer (PC-3) and melanoma (B16F10): efficacy was found to be more against EMT-6, B16F10 and LL/2 tumors where Cellax exhibited more than 2 fold tumor growth inhibition at equivalent dose of Taxotere (40 mg DTX/kg). Against MDA-MB-231 and PC-3 models, Cellax showed similar efficacy at equitoxic (MTD) dose (170 mg DTX/kg for Cellax and 40 mg DTX /kg for Taxotere). Cellax also exhibited significantly better efficacy compared to the only clinically approved taxane nanoformulation, Abraxane® (an albumin stabilized nanoparticles of PTX). Systemic exposure (AUC) of the drug was found to be ~30 times higher with Cellax compared to Abraxane which translated into significantly higher tumor accumulation 50 . Cellax uptake in the tumor at 3 h was 12 times higher than Abraxane, and declined gradually over 10 days, remaining above 5 μg/g. On the other hand, PTX levels in the Abraxane treated tumors declined rapidly to <1 μg/g within 6 h. In s.c. PC3 (prostate) efficacy model, Abraxane at the MTD dose (75 mg paclitaxel/kg) did not control tumor growth compared to the control (saline treated) group whereas Cellax completely inhibited tumor growth with undetectable tumor in 40% of animals. In an orthotopic 4T1 breast tumor model, Cellax reduced the incidence of lung metastasis to 40% with no metastasic incidence in other tissues. Mice treated with Abraxane displayed increased lung metastatic incidence (>85%) with metastases detected in the bone, liver, spleen and kidney.
It was also demonstrated that Cellax exerted an effect via a unique mode of action. Stromal cells, which are an important component of the tumor microenvironment and aid in tumor survival and metastasis, were found to be one of the main target of Cellax 51 . Studies of the 4T1 orthotopic breast tumor showed that more than 85% of the Cellax nanoparticles were delivered to the α-SMA+ stroma (mainly cancer associated fibroblasts), which resulted in ~80% reduction of stroma 4 days after treatment compared to the control tumor, whereas native DTX and Abraxane exerted no significant antistromal activity. As a result of significant reduction in stroma, tumor perfusion was increased by approximately 70-fold (FITC-lectin binding), tumor vascular permeability was enhanced by more than 30% (dynamic contrast-enhanced magnetic resonance imaging), tumor matrix was decreased by 2.5-fold (immunohistochemistry), and tumor interstitial fluid pressure was suppressed by approximately 3-fold after Cellax therapy compared with the control, native docetaxel, and Abraxane groups. The antistromal effect of Cellax treatment also resulted in a significantly enhanced antimetastatic effect: lung nodules were reduced by 7-to 24-fold by Cellax treatment, whereas native DTX and Abraxane treatments were ineffective. These data suggest that Cellax targets tumor stroma and performs more efficaciously than docetaxel and Abraxane.
Dextran
Dextran (Dex), another polysaccharide which is widely used for drug delivery, consists of repeating units of glucose connected by α-(1-6) glycosidic linkages between glucose molecules, while branches begin from α-(1-2), α-(1-3), and/or α-(1-4) linkages (Fig 4A) . The solubility of dextrans depends upon the branch pattern. Dextrans with >43% branching through α-(1-3) linkages are water insoluble while the presence of >95% linear linkages makes it water-soluble, which is suitable for various applications 52 . Dextrans are mainly derived from bacterial sources (typically the Lactobacillaceae family). Clinical grade dextran is obtained by partial depolymerization of the primary product of microbiological synthesis, termed 'native-dextran'. Originally this poly-glucose biopolymer was approved as a plasma expander; but its desirable physicochemical characteristics along with its low cost and a history of clinical use make it an attractive system for drug delivery. Although the sulfate derivative of dextran, which is polyanionic in nature, has been used for improving encapsulation efficiency as well as for making electrostatic complexes with positivelycharged cytotoxic drugs like doxorubicin, there are plenty of primary and secondary hydroxyl groups present on the dextran backbone which provide potential functional sites for drug conjugation through direct or indirect methods.
Carboxymethyl dextran (CM-Dex) has most often been used for preparing taxane bioconjugates, as this dextran contains a large number of carboxyl groups (degree of substitution: 0.2-0.8) suitable for the drug attachment (Fig 4B) . Sugahara et al. 53 demonstrated that the pharmacokinetic profile of the native polymer is dependent on the degree of carboxyl substitution (DS) as well as the molecular weight. While increased plasma AUC was seen with polymers exhibiting a DS value of 0.2 -0.6, the AUC also increased marginally with increasing MW of the polymer and plateaued at 80 kDa. Tissue distribution of the native polymer was also affected by the MW and DS of the polymer and enhanced tumor accumulation was detected with increased DS and MW. Nevertheless, the DS and MW of the native polymer did not significantly affect the in vivo antitumor efficacy when PTX was conjugated with these polysaccharides using a tetra peptide (Gly-Gly-PheGly) as a linker. Tumors were inoculated by s.c injection of Colon26 carcinoma cells in BALB/c mice, and mice were dosed at 50 mg/kg (i.v.) of native PTX and 100 mg PTX/kg of CM-Dex-PTX (i.v.) on days 2, 9 and 16. At day 20, tumor growth inhibition varied between 82 -97% with different DS and MW of CM-Dex compared to 30% for native PTX 53 .
The same author also reported conjugation of PTX with CM-Dex (MW 150 kDa; DS 0.5) using different amino acid (Gly, Ala, Leu, and Ile) 54 as well as small peptides (Gly-GlyPhe-Gly) as linkers 53, 55 (Fig 4C) . Drug loading varied moderately among different conjugates and was slightly higher with single amino acid linkers (6.2 -7.3 wt %) than the tetra-peptide (5.5 -6.5 wt %). Drug release was dependent on the linker used and the tetrapeptide conferred the highest release rate (~ 75 % release at 48 h in PBS). Among the different amino acids, release was highest where Gly was used as the linker (more than 50% PTX release in PBS at 72 h) whereas Ile (< 10 % release at 72 h in PBS) was the most stable among them (stability in the order of Gly<Ala<Leu<Ile). All the different conjugates were well tolerated in mice with MTD exceeding 100 mg PTX equivalent but in vivo efficacy was dependent on the type of linker used. CM-Dex-Gly-PTX and CM-Dex-Ala-PTX exhibited significantly better tumor growth control compared to CM-Dex-Leu-PTX and CM-Dex-Ile-PTX against an s.c. Colon26 tumor model. The mean tumor volume of the CM-Dex-Gly-PTX and CM-Dex-Ala-PTX treated groups was ~1000 mm 3 compared to ~2000 mm 3 for CM-Dex-Leu-PTX, ~4000 mm 3 for CM-Dex-Ile-PTX, and ~4000 mm 3 for native PTX groups dosed at their MTDs. Further improved antitumor efficacy was noted when the amino acid was replaced with (Gly-Gly-Phe-Gly) tetra-peptide which exhibited almost 100% tumor growth inhibition against different tumor allograft (Colon26) and xenograft (HT-29, MX-1 and LX-1) models. Nakamura et al. 56 used unmodified Dex (70 kDa) to demonstrate the tumor targeting property of a folic acid (FA) labeled Dex-PTX conjugate (Fig 4D) . Ethylenediamine was used as a linker between Dex and PTX. FA labeling was achieved by both ionic adsorption (positively charged -NH 2 group of FA with negatively charged -COOH group of Dex) and covalent conjugation. Degree of PTX conjugation varied from 1% to 5% degree of substitution depending on the reaction concentration. Cytotoxic activity of this conjugate was dependent on the degree of drug loading as well as FA labeling. In the non-FA labeled Dex-PTX conjugate, cytotoxicity was similar to the native PTX at PTX loading of 1 and 2 % degree of substitution, but introducing additional PTX reduced the activity. FA adsorption significantly increased the potency of the conjugate for FA receptor over-expressing cells (Caco2 and KB) compared to low FA receptor expressing cells (L929, MA104). Thus far, no in vivo data have been published.
Chitosan
Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked Dglucosamine and N-acetyl-D-glucosamine (Fig 5A) . It is produced commercially by deacetylation of chitin, which is the structural element in the exoskeleton of crustaceans. Chitosan can also be produced by fungal fermentation 57 . Chitosan has a unique chemical structure as a linear polyelectrolyte with a high charge density as well as reactive hydroxyl and amino groups. Protonated chitosan, which is water soluble, binds with negatively charged surfaces such as mucosal membranes. This property of chitosan leads to its exploitation as a haemostatic agent. Due to this mucoadhesive property of chitosan, it has been used for oral delivery of many different drugs. The presence of the reactive amino and hydroxyl groups in chitosan made it a potential candidate for conjugation with cytotoxic drugs.
Lee et al. 58, 59 utilized the mucoadhesive property of chitosan to prepare an oral delivery dosage form of PTX and DTX (Fig 5B) . Low molecular weight chitosan (MW <10 kDa) was used for conjugation and succinic acid was used as the linker. PTX loading was 12 % wt/wt whereas DTX loading was 8 %. Although the same polymeric backbone and linker were used for conjugation of both the drugs, a striking difference was found in the release kinetics of PTX and DTX from the respective conjugates. Release of PTX from the conjugate was highly resistant to acidic pH and only about 20% was released in simulated gastric fluid at pH 1.2 in 12 h whereas as much as 60% was released in cell culture medium within the same time. On the other hand, DTX release was highest in simulated gastric fluid (pH 1.2) and complete release of the drug was noted within 8 h of incubation. No explanation was provided on why these two taxane analogues displayed distinctive pH dependent release profiles, but as PTX is less stable than DTX 60 , released PTX might be further degraded reducing the amount of detectable PTX in the media. Both the PTX and DTX conjugates exhibited similar cytotoxicity as that of the native drugs against a panel of cell lines including NCI-H358, SKOV-3, MDA-MB-231 and U87MG.
The pharmacokinetic profiles of PTX and DTX conjugates were comparable: after oral administration, an extended plasma half-life was measured with the conjugates compared to the i.v. administered clinical formulations. The plasma t 1/2 for oral PTX-Chitosan and DTXChitosan was ~32 h and ~8 h respectively compared to ~1 h for PTX and ~½ h for DTX. A biodistribution study was done with only the PTX conjugate, and it was found that while liver accumulation of the orally administered conjugate was lower than the i.v. administered native PTX, the tumor accumulation was increased by 5-fold. Increased drug accumulation was also found in the intestine, colon and kidney with the oral delivery of the conjugate. In vivo antitumor efficacy of the PTX conjugate was evaluated against B16F10 murine melanoma and NCI-H358 human non-small cell lung cancer, and the DTX conjugate was tested against NCI-H358 human non-small cell lung carcinoma and U87MG human glioblastoma tumors. In both cases, oral administration of the conjugates exhibited similar antitumor efficacy compared to the i.v. administered clinical formulations. Importantly, i.v. administration of the native drugs lead to significantly higher body weight loss (~5-15%) compared to the orally delivered conjugates.
Heparin
Heparin (Hep) is a highly sulfated glycosaminoglycan and consists of a variably sulfated repeating disaccharide unit. The most common disaccharide unit is composed of a 2-Osulfated iduronic acid and 6-O-sulfated, N-sulfated glucosamine (Fig 6A) . The molecular weight of native heparin ranges from 3 kDa to 30 kDa. Heparin has long been used clinically as anticoagulant, but it has also been shown that low molecular weight heparin inhibits cancer cell adhesion, deactivates heparanase, activates the attack by NK cells in the immune system and interferes with the activity of growth factors such as bFGF and VEGF while through this prevents tumor angiogenesis and metastasis 61, 62 . It has been shown by Park et al. 63 that Hep-deoxycholic acid conjugate prevented cancer cell proliferation. They also demonstrated that increasing the deoxycholic acid ratio in the conjugate reduced the anticoagulant activity of Hep but the anti-angiogenic activity remained unaffected. This orally absorbable Hep derivative was also effective in controlling tumor growth in a mouse tumor model 64 . Due to these reasons, it has received increasing attention as a drug carrier to improve efficacy of cytotoxic agents.
Wang et al. 65, 66 tested both O-acetylated and succinylated Hep for delivery of PTX (Fig  6B, C) . Different amino acids (Val, Leu and Phe) were also evaluated as linkers. It was found that although direct conjugation of PTX with the Hep backbone resulted in higher drug loading, use of the amino acid linkers facilitated release of PTX from the conjugate. In direct conjugation, about 25 wt% PTX was loaded whereas PTX loading varied from 16-18 wt% in the amino acid (AA) conjugate. However, only 5% of the drug was released from Hep-PTX conjugate, whereas about 60-70% PTX was released from different Hep-AA-PTX conjugates after 96 h incubation in PBS (pH 7.4). It was also noted that use of different amino acids as a linker influences drug release. A slight but statistically significant increase in release rate was measured with Phe (~70%) compared to Val and Leu (~55-60%) after 96 h incubation in PBS (pH 7.4). Interestingly, this trend reversed when the conjugate was incubated in human serum. About 90% release was noted with Val and Leu compared to about 75% release with Phe. The conjugates self-assembled into miceller structures with a diameter of 140-180 nm, exhibiting a zeta potential of -21 to -31 mV. These conjugates exhibited better or comparable cytotoxic potency compared to free PTX, although Hep-AA-PTX was found to be more potent than Hep-PTX. The in vivo antitumor activity of the conjugate was evaluated in a tumor xenograft model with a dose of 30 mg/kg dose of PTX equivalent, administered as i.p. injection. Both free PTX and the conjugate treatments resulted in similar tumor growth inhibition, but while treatment with free PTX caused body weight decrease, body weight of the conjugate treated animals remained constant, which implied that the conjugates were similarly bioactive but less toxic than free PTX.
Another Hep-PTX conjugate was reported where ethylenediamine was used as a linker 67 ( Fig 6D) . PTX loading varied between 0.8 to 4.1 mol %. Anticoagulant activity of these conjugates was found to be inversely proportional to the drug loading. The conjugate was shown to self-assemble into nanoparticles in aqueous solution with a mean diameter of 200 to 400 nm. These nanoparticles were effectively internalized by KB cells, which may be due to endocytic uptake. This higher and enhanced delivery of the conjugate resulted in increased cytotoxic activity of the conjugate compared to the free PTX.
Wang et al. 68 demonstrated that Hep-PTX-FA conjugates ( Fig 6E, 15% PTX; 9% FA wt/wt) can form nanostructures via a self-assembly procedure when free PTX was incorporated into a DMSO solution of the conjugate and added dropwise to aqueous NaHCO 3 . The size of the nanoparticles was 60 ± 10 nm with a zeta potential of -16.1 ± 1.1 mV. Cytotoxicity of this nanoparticle was dependent on the level of folate receptor (FR): against a FR over-expressing cell line (KB-3-1), 90% reduction in colony formation was determined with the conjugate compared to 50% reduction with native PTX; however, when tested in a FR negative cell line (Tu212), similar inhibitory activity was measured with the conjugate and native PTX. This FR targeting was specific and could be blocked by free FR down-regulation. Tumor accumulation of this nanoparticle was not dependent on the presence of FA: comparable tumor accumulation was reported with Hep-PTX and Hep-PTX-FA nanoparticles but the in vivo antitumor efficacy against a tumor xenograft model was significantly increased with the presence of FA in the conjugate. The authors argued that nanoparticle extravasation into tumors via the EPR effect is a passive process, and presence of a ligand does not facilitate this process. However, a ligand can trigger receptormediated endocytosis after the conjugate/nanoparticle has extravasated and interacted directly with the tumor cells to increase the cellular bioavailability, leading to enhanced antitumor activity. Tumors were induced with s.c. injection of FR over-expressing KB-3-1 cells in nude mice and mice were dosed at 20 mg/kg PTX once per week for 5 weeks by i.v. route. The mean tumor volume of FA conjugated nanoparticles was 92.9 ± 78.2 mm 3 compared to 1211.3 ± 448.1 mm 3 for the non targeted nanoparticles and 1670.3 ± 286.1 mm 3 for native PTX, suggesting an active targeting mechanism contributed to the enhanced efficacy. This nanoparticle system also exhibited better efficacy against a p-glycoprotein (Pgp) over-expressing PTX resistant (KB-8-5) cell line 69 . After s.c. inoculation of the tumor cells, treatment was given with 40 mg/kg dose of PTX as free PTX or nanoparticle. Mean tumor volumes were found to be 1422.9 ± 216.1 mm 3 for PTX, 1301.3 ± 213.9 mm 3 for FA unconjugated nanoparticles, and 785.6 ± 104.1 mm 3 for FA conjugated nanoparticle treated groups. These findings suggest that when the PTX was delivered as a targeted nanoparticle, the drug was more bioavailable to the P-gp-overexpressing cells than the free form of PTX.
Khatun et al. 70 demonstrated that when an absorption enhancer, tauricholic acid, was covalently attached to a Hep-DTX conjugate, the oral absorption of the conjugate was significantly enhanced (Fig 6F) . The authors used diethyl amine as the linker to incorporate DTX and a high drug loading of 25-30 wt% was reported. The conjugate self-assembled to form nanoparticles in an aqueous medium with a diameter of ~120 nm with a PDI of 0.2. No drug release data was reported but the size of the nanoparticles remained unchanged in acidic to basic pH conditions as well as in plasma. Bioavailability of native Hep and the conjugate were compared by measuring the blood concentration of Hep. Native Hep showed no absorption whereas AUC of the conjugate varied between 250-350 μg/mL/min with a T max of 6 h. The in vitro cytotoxicity of the conjugate was significantly lower than native DTX: the conjugate showed measurable cell killing only at ≥0.5 μg/mL against KB and MDA-MB-231 cells. In vivo efficacy of the conjugate was significantly better than native DTX at the dose of 10 mg DTX/kg administered orally against the KB tumor model. One significant concern for Hep as a delivery vehicle is its anticoagulant activity. As most cancer patients undergo some forms of surgery, they are susceptible to bleeding related problems. Although in most of the studies discussed above, Hep was modified to reduce the anticoagulant activity; significant anticoagulant activity remained. A model system should be developed to evaluate the anticoagulant activity of these conjugates. Other than the traditional body weight loss monitoring and tissue histology, special attention should be given to measure internal hemorrhage, with and without a hemorrhagic stimulus.
Discussion
As described above, pilot research has been dedicated for the design, synthesis and characterization of polysaccharide-taxane conjugates, with some preliminary clinical evaluation. As the composition of these polymers varied significantly, the resulting conjugates also exhibited diverse pharmacokinetic and pharmacodynamic properties. It has been noted that the molecular weight of the polymer, extent of drug loading, type of linker used and solubility of the conjugate significantly influence the release of the conjugated drug, its cytotoxic potency and in vivo efficacy. The biological fate and biodistribution of the native polymer are dependent on the physicochemical nature of the polymer and different polymers exhibit different pharmacokinetic profiles. Sugahara et al. 71 reported that different polysaccharides exhibit significantly different plasma AUC and tumor biodistribution. When the plasma AUC and tumor accumulation data for CM-Dex, Chitin, HA and Hep are compared, plasma AUC and tumor accumulation of CM-Dex was significantly higher compared to others across the panel of molecular weights tested (80-360 kDa). While plasma AUC of CM-Dex varied from 100-135% of dose h/mL (plasma AUC increased with increasing molecular weight), others varied between 0-25% of dose h/mL. This has also reflected in the tumor accumulation of the polymer. Tumor accumulation of CM-Dex varied between 1.5 -4.1 % of dose /g (higher molecular weight exhibited increased accumulation) after 24 h of i.v. administration, whereas this was less than 0.5% of dose /g for other polymers in all the molecular weight tested. On the other hand, liver and bone marrow accumulation of HA and Hep was higher compared to CM-Dex. Chitin conjugates exhibited low plasma AUC as well as low accumulation in any other tissues tested. Depolymerization by lysozymes in the plasma has been identified as rationale for these low AUC observations, as it was demonstrated that Chitin was extensively hydrolyzed in the plasma and excreted through urine. CM-Dex, HA and Hep were found to be stable in plasma. To understand whether these polymers influence in vivo efficacy of a conjugated drug, a doxorubicin conjugate with these polymers was prepared using a Gly-Gly-Phe-Gly tetra-peptide as linker. CM-Dex conjugate exhibited significantly better antitumor efficacy and tumor distribution than the other polymers. Tumor accumulation of the drug was ~3% of the total dose per g tissue and a ~3 fold increase in efficacy was found with the CM-Dex conjugate whereas with other polymers (Chitin, HA and Hep), tumor accumulation varied from 0.04% -0.35% of total dose / g tissue with minimal to no increase in antitumor efficacy.
In a separate study, Ernsting et al. 49 demonstrated that acetylated CMC (CMC-Ac) conjugated DTX (Cellax) exhibited increased plasma circulation time (53.8 h in t ½ compared to 10.3 h for DTX) and ~40-fold higher plasma AUC compared to the native drug. Tumor accumulation of CMC-Ac-DTX conjugate was 5% of total dose / g tissue compared to 1% of the injected dose / g tissue observed with native DTX.
Polymer molecular weight can also modulate drug release rate from the polymer-drug conjugates. Sugahara et al. 53 demonstrated reducing the molecular weight of CM-Dex increases the PTX release rate from the conjugate. While about 75% PTX release was found from 40 kDa polymer after 72 h incubation in plasma, about 60% PTX released from 250 kDa polymer. Conjugates prepared with low molecular weight polymers are less likely to make secondary and tertiary structures when suspended or solubilized in an aqueous medium, assisting better exposure of the conjugate to the external medium for facilitated drug release. On the other hand, conjugates prepared with higher molecular weight polymer can make extensive secondary and tertiary structures in the solution which may prevent release of the cytotoxic drug.
Solubility of these conjugates was dependent on the percentage of drug loading. It was reported that with low drug loading (<5 wt%), the conjugates appeared to be water soluble but with increased loading, they tended to form nanoparticles. As the chemical structure of taxane is consisting of a tetracyclic 17-carbon (heptadecane) skeleton, which is sufficiently bulky and highly non-polar and hydrophobic in nature, it is difficult to make the parent drug water soluble without altering their skeletal structure. Conjugation with a water soluble polymer may improve hydration of the taxanes. In an aqueous medium, the polymer may form a shell around the conjugated drug by hydrophobic interaction and facilitate formation of a stable molecular suspension. If taxane loading in the polymer is sufficiently low, the size of these nanosuspensions would be small enough not to scatter any visible light and appear as soluble. With increase in the drug loading, the size of these nanoparticles increases to accommodate more drugs in the core of the particle. It was noted that in all the studies where drug loading was low (less than 5% wt/wt), the conjugate was reported to be "soluble" in water whereas high drug loading invariably lead to formation of self-assembled micellar nanoparticle in aqueous medium. The extent of drug loading of the conjugates influenced the release rate of the drug. It was generally observed that higher drug loading in the polymeric backbone resulted in slower drug release. Sugahara et al. 53 demonstrated that a change in drug loading from 6.3% to 13.2% reduced drug release from ~80% to ~60% in 72 h of incubation. As discussed previously, conjugates with low drug loading are better hydrated, which would expose the polymer-drug linker to the external medium, facilitating hydrolytic cleavage of the bond for increased drug release. With higher drug loading, the conjugate can self-assemble into a core-shell nanostructure with a highly hydrophobic taxane core, which is relatively less exposed to the external medium, reducing hydrolytic cleavage and release of the drug. It has been noticed that the in vitro potency of the conjugate is dependent on the rate of drug release and an increased release rate generally results in enhanced cytotoxicity 53 .
Linker and linker chemistry also influence drug release and efficacy of the conjugate. It was demonstrated by Sugahara et al. 54 , Xin et al. 33 and Wang et al. 66 that using an amino acid as a linker between the polymeric backbone and the cytotoxic agent significantly increases the drug release rate as well as the in vitro cytotoxic potency of the conjugate. It was noted that physicochemical nature of the amino acid used also influenced the drug release kinetics. Conjugates with a linker of amino acid with no side chain (Gly) or aromatic side chain (Phe) showed faster release compared with amino acids with aliphatic side chains (Leu, Val, Ala, Ile) when incubated in mouse plasma. The higher drug release also translated into increased in vitro cytotoxic potency. Further increased drug release and in vitro efficacy was seen when the amino acid was replaced with a tetra-peptide (Gly-Gly-Phe-Gly). It was also reported that the drug directly conjugated with the polymer has significantly less in vivo antitumor effect. Sugahara et al. 71 postulated that a cleavable bond is necessary for efficient release of the drug for in vivo efficacy. As Gly-Gly-Phe-Gly tetra peptide can be cleaved with protease, drug release is expected to be more efficient. Duncan et al. 72 showed that a non-degradable Gly-Gly linker resulted in a significant decrease in efficacy compared to a degradable Gly-Phe-Leu-Gly linker in an animal model. It was hypothesized that due to the electron effect of the protonated amino group, amino acid linkers showed higher drug release rates 33 .
These studies indicate the relationship between the polymer molecular weight, extent of drug loading and the physicochemical nature of the linker with the in vitro activity of the conjugate. Generally, conjugates with low molecular weights and low drug loading exhibit higher drug release and improved in vitro cytotoxic potency. Although conjugates with a high molecular weight polymer and a high drug loading display reduced drug release and decreased potentcy in vitro, they often show enhanced in vivo antitumor efficacy. As discussed previously, high molecular weight conjugates with high drug loading can form complex nano-structures which may prolong the pharmacokinetics of the conjugate by minimizing drug release during circulation and facilitate tumor accumulation by the EPR effect. This phenomenon may contribute to the better efficacy of the high molecular weight conjugates.
It was noted that among the advanced taxane-polymer conjugates, high molecular weight conjugates are favored: the HA-PTX conjugate currently in a phase I clinical trial incorporates HA of 200 kDa 38 . Drug loading was also high in this conjugate with ~20 wt% PTX. This may emphasize the importance of utilizing high molecular weight polymer for enhanced drug delivery. As discussed above, high molecular weight polymer with high drug loading can render complex secondary and tertiary structures and even self-assemble into nanoparticulate structures. These nanoparticulate structures may facilitate better tumor targeted delivery due to the EPR effect compared to the solution dosage form. As they also display slower release kinetics, unwanted drug release during systemic circulation would be minimal, reducing side effects.
It was also noted that efficacy of these conjugates depend on the tumor type. The HA-PTX conjugate exhibited better efficacy against the ovarian cancer compared to bladder tumor. CMC-DTX conjugate (Cellax) was found to be more potent against syngeneic tumor model compared to xenograft tumor. The reason for this variability is still unknown. The biochemical and bio-physical interaction of nanoparticles with different tissues and cells is a relatively less researched area of nanoparticle drug delivery. As these interactions can significantly alter the bioactivity of the drug, a thorough understanding is warranted for proper design of nanotherapeutics.
It was also noted that most of the polymers used in these studies has more than one functional groups (−OH and −COOH in HA; −OH and −COOH in CM-Dex; −OH and −COOH in Hep; −NH 2 and −COOH in succinyl Chitosan etc) which can potentially react with one another to crosslink and self-polymerize at the reaction condition used for the drug conjugation. No study has been done to understand the cross linking of these polymers or the effect of crosslinking on the drug loading and overall function of the conjugate. Apart from Ernsting et al. 48 , who acetylated the free -OH groups of CMC, no modification was done to the polymer in any other study to prevent polymer crosslinking, which can significantly reduce the drug loading efficiency, and affect the physicochemical properties of the conjugate and drug release 73 , It will be of interest to verify the effect of this on the efficacy of the conjugate.
Conclusion/Future direction/Expert opinion
Through numerous studies, it has been established that polymer conjugated delivery of taxanes is beneficial for cancer therapy with significant reduction in side-effects, increase in maximum tolerated dose and improved pharmacokinetics. Although many preclinical studies of polymer drug conjugates have been reported with promising results and a number of conjugates have entered clinical trials, the full potential of polysaccharide -drug conjugates is yet to be explored. A rational drug designing approach with focus on the optimal polymer molecular weight, drug loading, linker and drug release is needed to create a conjugate with prolonged pharmacokinetics, enhanced tumor delivery and increased tumor bioavailability. An important consideration should be placed on degree of PEGylation as this was shown to significantly modulate circulation time, plasma half life and tumor targeting of polymer-drug conjugates. PEGylation of the conjugate can reduce opsonization and reticuloendothelial system (RES) clearance, but can also reduce the interaction between the conjugate and the target cell. PEGylation can also affect nanoparticle self-assembly: increased PEGylated often results in decreased particle size, leading to prolonged pharmacokinetics, improved vascular permeability and tissue penetration. However, over PEGylation can lead to insufficient condensation of the particles, affecting the stability. The degree of PEGylation should be carefully optimized in each case.
As nanomedicine is an entirely new class of drug delivery system, their pharmacokinetic and even pharmacodynamic properties differ significantly from the parent drug. Not only have they showed long circulation time and preferential accumulation in the tumor due to passive targeting, their mode of action and antitumor efficacy may substantially differ from the parent drug. It was recently demonstrated by Murakami et al. 51 that treatment with Cellax, a nanoparticulate formulation of docetaxel, have a significant effect on the stroma cells in the tumor microenvironment whereas free DTX showed minimal to no effect. Stromal interaction significantly changed the in vivo efficacy of Cellax compared to native DTX. Interaction of the nanoparticles with biological systems including different tissues and cells is a complex phenomenon which is entirely different from that of the free drug. Hence a systematic and thorough study is necessary to understand the performance of the nano drug delivery formulation in the in vivo situation. Nanotherapeutics may also have different side effects compared to that of the free drug due to a major change in pharmacokinetics. For example, many of the nanoparticles accumulate in the liver and spleen due to interaction with RES 74 . Hence particular importance should be given to determine the liver toxicity and effect on different immune cells which mature in the spleen.
As many of these carbohydrate polymers have multiple functional groups, they can be a suitable backbone for the development of multi-therapeutic dosage form by conjugating more than one drug. If drugs with complimentary mode of action and non-overlapping toxicity can be incorporated, the therapeutic activity may be enhanced. The molar ratio of drugs in combination has been demonstrated as an important factor for determining the therapeutic effect by Mayer et al. 75 . When different classes of anticancer drugs with distinct molecular mechanisms are given as a combination, they can produce synergistic, additive or antagonistic effect depending on the ratio. As these drugs have different pharmacokinetic properties, it is difficult to control their plasma concentration once injected as the solution dosage form through i.v. route. Nanoparticles, on the other hand, may deliver the exact ratio of the drugs to the tumor interstitium for synergistic activity. For example, camptothecin and doxorubicin produced synergistic activity at a molar ratio of 1.5:1 but a strong antagonistic activity was observed at 5:1 76 . However, even if these two drugs are given at 1.5:1 molar ratio, the drug ratio in the plasma changes over time due to the different pharmacokinetic profiles of these two drugs, leading to compromised activity. Mayer et al. 7777 demonstrated that a fixed ratio of irinotecan and floxuridine delivered in a liposome successfully maintained the optimal drug ratio in the plasma over time, inducing enhanced efficacy. A similar strategy may be applied to polymeric conjugates. Additionally, multiple components other than the active pharmaceutical ingredient can be incorporated to one molecule of polysaccharide, including PEG to shield the conjugate from RES recognition and clearance, an imaging agent to report drug delivery or therapeutic response in a real time fashion, a targeting ligand to increase the cellular bioavailability of the conjugate. Again, the ratio of the multiple components in the conjugate has to be carefully optimized for maximized effect. Chemical structures of Docetaxel (A) and Paclitaxel (B). Both drugs have been evaluated for polysaccharide conjugated delivery. Conjugation of the drug to polymers principally occurs at the reactive 2' −OH group, which is labeled in blue. C. Chemical structure of a monosaccharide unit which is the building block of polysaccharides. Monosaccharides linked together covalently by glycosidic linkage to form a polysaccharide. When a single monosaccharide unit is repeated, the resultant polysaccharide is called the homopolysaccharide, whereas, a hetero-polysaccharide is composed of two or more types of monosaccharides. There are two anomeric form of monosaccharide: α and β. They are defined by the position of the -OH group at the C-1 position: in α anomer the -OH group point downward axially and in β anomer the -OH group would point upward equatorially. The numbering system in the monosaccharide is depicted in blue in the figure. Schematic representation of low MW polymer with low drug loading (1), high MW polymer with low drug loading (2) and high MW polymer with high drug loading (3). With higher drug loading, high MW polymers tend to form complex secondary and tertiary structures in an aqueous medium and can self assemble into core-shell nanostructures with a hydrophobic drug core which can reduce the hydrolytic release of the drug. 
